High precision40Ar/39Ar laser-microprobe ages of individual s a r~i d i n e s ,~~A r /~~A r plateau age spectra on bulk sanidine concentrates, U-Pb zircon ages, and zircon and apatite fission-track ages from three bentonites bracketing the Cenomanian-Turonian boundary in the Western Interior of the United The composition of these Cenomanian-Turonian bentonites from Colorado and Utah, the types of phenocrysts present, and the morphology of included zircons all indicate that the pre-alteration ash was rhyolitic and probably generated in a subduction setting involving a significant crustal component.
Introdustion
Time scales are frequently revised as new techniques allow us to determine the apparent ages of mineral grains in rocks more precisely. With the recent interest in causes and timing of mass extinction events, it is increasingly important to have precise age information for all portions of the geologic time scale, and in particular for those which involved significant extinctions like the one at the Cenomanian-Turonian boundary (Raup & Sepkoski, 1982; Kauffman, 1984; Elder, 1987) . most age data, before now, have come from analyses of groups of grains, providing average ages of bulk crystal populations. Single-grain methods, such as fission track dating, have not been widely used because of large analytical errors associated with the ages of individual grains. The development of 40Ar/39Ar laser-fusion techniques, however, permits high-precision age determinations on single grains of suitable volcanic materials, principally sanidine. Although volcanic ash horizons are generally superb time markers, bentonites in sedimentary sections are often reworked and contaminated with older detrital grains, in addition to any contaminants the volcanic ash might have picked up during the eruption process. Single-grain ages provide a means of examining the 0195-6671/95/010109+21 $08.0010 0 1995 Academic Press Limited population of mineral ages within a sample, thus providing insight into the degree of contamination. In this study, we have combined the use of single-grain methods (40Ar/39Ar laser-fusion and fission track) with high-precision multiplegrain methods (40Ar/39Ar age spectrum and U-Pb) to provide a reliable geochronological calibration of the Cenomanian-Turonian boundary.
The age of the boundary has generally been placed at about 91 Ma (Obradovich & Cobban, 1975; Kennedy & Odin, 1982; Harland et al., 1982 Harland et al., , 1990 Palmer, 1983; Kent & Gradstein, 1986) . Early Turonian K-Ar biotite ages from bentonites in the Seabee Formation (Alaska), however, have suggested that the boundary might be closer to 93 Ma (Lanphere & Tailleur, 1983) . Figure 1 shows the distribution of late Cenomanian and early Turonian ages reported in Odin (1982) , Lamphere & Tailleur (1983) and Elder (1988) (see also Preliminary single-crystal 40Ar/39Ar laser-fusion age results on CenomanianTuronian ash beds were obtained in 1989 (Kowallis et al., 1989) . These initial results suggested an older age for the boundary of about 94.5 Ma, but suffered from the fact that only a few sanidine grains were available for dating each sample. In addition, later examination of the data showed that reactor flux gradient effects had not been adequately talzen into account. A larger number of grains were extracted from these localities and rerun with closer spatial monitoring of reactor flux. The new ages were reported in abstracts (ICowallis et al., 1990 (ICowallis et al., , 1992 and are included in this paper. Obradovich (1991 Obradovich ( , 1992 Obradovich ( , 1994 has also been working on a revision of the Cenomanian-Turonian boundary. He proposes a boundary at 93.3Ma. Shibata (1992) has also obtained ages (92-95 * 2 Ma) from tuffs in Cenomanian-Turonian sediments in Japan.
A key point, frequently ignored in time scale compilations, is that all ages are not of equal value. For example, Harland et al. (1982, 1990) and Odin (1982) continue to use glaucony ages in determining the age of Late Cretaceous stage boundaries even though glaucony has a systematic bias toward younger ages and, thus should be excluded (Obradovich, 1988) . In order for an age to be useful in constraining the geologic time scale it must meet the following criteria:
(1) The sample dated must record the time of deposition of the enclosing strata.
(2) The isotopic system used in obtaining an age should be undisturbed by later thermal and alternation effects.
(3) The sample must be well-constrained biostratigraphically; the position of the sample relative to key biostratigraphic boundaries should be known and generally accepted.
(4) The degree of contamination of a sample from detrital and other sources should be known.
(5) The isotopic dating system used should be of relatively high precision. None of the samples listed in Table 1 meets all these criteria. The glaucony ages cannot record the time of deposition, because glauconite forms after deposition; the biotite ages come from samples low in potassium (<6%) and are therefore altered (except in the Alaskan samples) or have low precision; and none of the methods used can accurately detect contamination, alteration effects, or thermal disturbance of the samples. Our approach to dating the Cenomanian-Turonian boundary has been to try to satisfy all of the above criteria. Single-crystal 4 0~r / 3 9~r laser-fusion ages provide a high-precision method that also gives America determined using the methods described in Hurford et al. (1984) and Kowallis et al. (1986) . European ages are all glaucony ages and North American ages are K-Ar biotite and sanidine ages. The open diamonds on B represent early Turonian K-Ar ages from the Seabee Formation in Alaska. The North American plot gives a single age peak and a nearly bell-shaped curve while the European glaucony ages do not.
information on the degree of contamination of a sample; 40Ar/39Ar age-spectrum dating techniques provide high-precision ages as well as a measure of the basic assumption that the mineral phase represents a closed system to argon (no gain or, loss of daughter isotope from the sample); fission track ages and apatite fission track length measurements provide information on the closure of the isotopic systems and the thermal history of the samples; and U-Pb dating of zircons provides an additional high-precision check on the age.
Stratigraphic setting
The samples dated were collected in 1987 on a Geological Society of America field excursion conducted by Kauffman et al. (1987) . High resolution stratigraphic studies in the Bridge Creek Limestone, and equivalent formations to the west, have shown that ash beds near the Cenomanian-Turonian boundary can be located and correlated over wide areas of the Western Interior (Hattin, 1971 (Hattin, , 1975 (Hattin, , 1979 (Hattin, , 1985 Elder, 1987 Elder, , 1988 . We collected samples of these ashes Elder, 1988 Williams & Baadsgard, 1975 IGeuzer et al., 1982 Williams & Baadsgard, 1975 Elder, 1988 Obradovich & Cobban, 1975 Lanphere & Tailleur, 1983 Lanphere & Tailleur, 1983 Lanphere & Tailleur, 1983 Lanphere & Tailleur, 1983 Lanphere & Tailleur, 1983 Lanphere & Tailleur, 1983 Elder, 1988 Elder, 1988 Elewaut et al., 1982 Odin & Pomerol, 1982 IGeuzer et al., 1982 IGeuzer et al., 1982 Elewaut er al., 1982 Kreuzer el al., 1982 Obradovich & Cobban, 1975 Elewaut et al., 1982 Obradovich & Cobban, 1975 Obradovich & Cobban, 1975 from several sections on a traverse from Pueblo, Colorado, to south-central Utah (see Figures 2, 3) . The best sanidines for dating were recovered from the Four Corners (FC) and Nipple Butte (NB) sections. Usable zircons and apatites were recovered from all of the sections. Figure 4 shows the lithostratigraphic and biostratigraphic positions of the ashes in the Four Corners section in the Bridge Creek Limestone Member equivalent to the Mancos Shale (Icauffman et al., 1987; Hintze, 1988) The sections are described in detail in Elder & Kirkland (1985) and IZauEman et al. (1987) . with the Metoicoceras geslinianurn zone in Europe (Kennedy, 1984) . Ash PBC-11 (bed 80 of Kennedy & Cobban, 1991) is from the uppermost Cenomanian Neocardioceras juddii ammonite zone, and has been recognized in both North America and Europe (Kennedy, 1984) . PBC-17 is located in the lower Turonian Watinoceras devonense ammonite zone (Kauffman et al., 1987 , Kennedy & Cobban, 1991 and is immediately above the first occurrence of the basal Turonian bivalve Mytiloides (Elder, 1988; Kennedy & Cobban, 199 1) . Ash PBC-20 did not contain datable minerals and will not be discussed further in the text. The stratigraphic thickness from the lowest ash dated (PBC-5) to the highest ash dated (PBC-17) is about 4 m. Sample numbers used in the text include the section from which the sample was collected (NB or FC) and the ash bed number . Additional detail on the lithostratigraphy and biostratigraphy of these sections can be found in Elder (1988 ), Elder & Kirkland (1985 , Kauffman et al. (1987) , and Kirkland (1991) .
Petrology of the altered ash beds
The mineralogy, thickness (less than 50 cm) and wide distribution of beds PBC-5, PBC-11, and PBC-17 show that these smectite-rich units were once glass-rich pyroclastic ash fall deposits originating from large explosive eruptions. Consistent with their emplacement in quiet marine conditions (Elder, 1988) , we detected no detrital minerals in PBC-11 and PBC-17; however, the PBC-5 sample from Nipple Butte (and at all other sections where it was sampled) contained apparently detrital garnet (Kowallis et al., 1989) , as well as detrital K-feldspar (see single-crystal 39Ar/40Ar results below). The garnet is rounded or fragmented and has a composition typical of metamorphic types. Both PBC-11 and PBC-17 had a magmatic mineral assemblage that included quartz, sanidine, plagioclase, biotite, zircon and apatite; they are essentially indistinguishable from one another on this basis. The PBC-5 ash is mineralogically distinctive, containing monazite and two populations of zircon (clear euhedral grains and pink subhedral grains) in addition to sanidine, plagioclase, quartz, biotite (commonly as vermiculite) and apatite. Zircons with abundant dark mineral inclusions are common in PBC-11 and PBC-17, but rare in the clear zircons of PBC-5, which contain irregularly shaped, elongate, transparent inclusions (glass?). The zircons from PBC-11 and PBC-17 are also indistinguishable morphologically from one another. According to the classification of Pupin (1980) , zircons in PBC-11 have an average A index of 432 & 9 ( l u ) and a T index of 640 & 7, compared with 429 f 10 and 644 & 7 for PBC-17 ( Figure 5 ). These values are characteristic of those found in calc-alkaline series granite rocks and their volcanic equivalents dacites and rhyolites ( Figure 5 ). Subadjacent PBC-5, which contains monazite, has zircons that are morphologically distinctive from PBC-11 and PBC-17. Clear zircons from PBC-5 have an A index of about 397 rt 13 and a T index of 327 * 9 (Figure 5 ) , similar to those found in peraluminous granitic rocks (Kowallis et al., 1989) .
Samples of PBC-5 and PBC-11 were analyzed for major and trace element composition from six different locations to examine distinctiveness and homogeneity of the ash sheets. One sample of PBC-17 was analyzed from the Four Corners section. In general, the chemical analyses (Kowallis et al., 1989) of the altered ashes substantiated the bed-by-bed correlations made by Kauffman et al. (1987) and Elder (1988) based on paleontology, physical and isotopic stratigraphy. Trace-element systematics ( Figure 6 ) also suggest that the magmas were high K, calc-alkaline rhyolites erupted from a magmatic arc rooted in mature continental crust (Leat & Thorpe, 1986; Pearce et al., 1984; Winchester & Floyd, 1977) . Contemporaneous granitic plutons that might have fed these Ce ( P P~) Figure 6 . Classlficatlon diagram for strongly altered Cenomanian-Turonian ash beds based on lmmobile trace-element concentrations (Winchester & Floyd, 1977) . Shaded area shows composition of fresh Tertlary rhyohtes from the Indian Peak volcanic field (Best et al., 1989) . Scatter in the enclosed fields is the combined result of orlginal magmatic vanation, eruptive fractionation and bentonltlc alteration, and gives a visual estimate of the amount of variation to be expected in a given ash bed. The Cenomanian-Turonian ashes were probably originally rhyolitic (see text).
I1
Trachyte Phonolite eruptions are found in southern Arizona, the eastern Sierra Nevada and in the Idaho and Boulder batholiths (Christiansen et al., 1994) .
Geochronology of altered ash beds
Several isotopic dating methods at different laboratories were applied to the Cenomanian-Turonian samples. Each rrlr~iioCi ar~ci Lile results obtained are discussed in detail below.
40Ar/39Ar dating methods
Single-cystal 40Ar/39Ar laser-fusion dating of sanidine. The 4 0~r / 3 9~r age determinations were performed using an Ar-ion laser to fuse single crystals of irradiated sanidine for isotopic analysis (details of the methodology used here are provided in Deino & Potts, 1990, Deino et al., 1990, and Chesner et al., 199 1) . It should be emphasized, for comparison .with the furnace step-heating experiments described later, that the laser-fusion dating procedure includes a low-power laser pre-heat of the samples under high vacuum. This step has proven to be an efficient means of driving away surficial argon prior to total fusion and analysis. This procedure, roughly equivalent to the preliminary degas procedure used with the furnace step-heating technique described later, results in markedly reduced atmospheric argon contamination and is probably also efficient in degassing alteration products that may be present on grain surfaces. Samples were irradiated for 20 hours in the hydraulic rabbit of the Omega West research reactor, Los Alamos National Laboratory. Sanidine from the Fish Canyon Tuff (FCT) was employed as the neutron fluence monitor. We use a reference age for this sanidine of 27.84 Ma as determined by Cebula et al. (1986) by 40Ar/39Ar dating, using MMhb-1 hornblende as their monitor reference, but corrected for an updated laboratory-consensus conventional K-Ar age of MMhb-1 hornblende of 520.4 f 1.7 Ma (Samson & Alexander, 1987) . The age of this standard has been independently determined at the Institute of Human Origins using conventional K-Ar techniques and has verified this age, within error. We feel it is useful to adopt this published result until more precise and accurate absolute calibrations are available.
In our experiment, grains of MMhb-1 were co-mingled with the F C T sanidine in the same irradiation position and then analyzed as a cross-check on the neutron fluence determination. We obtained an age for MMhb-1 of 521.5 0.9 Ma (weighted mean age and la standard error of the weighted mean) using the F C T sanidine as a monitor (Table 2 ). This value is within 0.2% of, and is statistically indistinguishable from, the age of MMhb-1 given by Samson & Alexander (1987) . In practice, we prefer to use the F C T sanidine as the irradiation monitor, because the sanidine can be analyzed with greater precision than the hornblende (about 0.1% s.e.m. compared with c. 0.2-0.3% s.e.m. for MMhb-1), and is more closely related in terms of argon isotopic compositions to the sanidine unknowns, particularly in measured 40Ar/39Ar and 37Ar/39Ar ratios.
We have propagated an uncertainty in J of 0.3% into the weighted-mean age error calculations based on laboratory irradiation-to-irradiation reproducibility, which reflects both the error in measuring J through repeated analyses of the monitor, and the uncertainty in relating the fluence of the monitor position to that of the unknowns.
A total of 87 single crystals of feldspar was analyzed from the three Cenomanian-Turonian samples (FC-PBC-17, FC-PBC-11, Nl3-PBC-5). Of these, 32 were culled from the data set before calculation of mean eruption ages for one or more of the following criteria, listed in order of application:
(1) Markedly lower percentage of radiogenic argon ( % 4 0~r * ) relative to other "acceptable" analyses (i.e. less than 97% 40Ar*), possibly reflecting alteration or the presence of inclusions. This applies to four analyses that would otherwise be analytically acceptable.
(2) Incomplete fusion or fusion of a very small crystal, resulting in unacceptably low gas yields, applicable to a handful of cases.
(3) Analytical difficulties (spectrometer signal instability or, in one case, a computer recording error) encountered during analysis of one unknown and three standard runs. Notes: Errors in age quoted for individual runs are la analytical uncertainty. Weighted averages are calculated using the inverse variance as the weighting factor (Taylor, 1982) . Errors in the weighted averages are 1 u standard error of the mean (Samson & Alexander, 1987) . Ca/I< is calculated from 3 7 A r / 3 g~r using a multiplier of 1.96. 40Ar* refers to radiogenic argon. 'Moles refers to the estimated total moles of 40Ar released during fusion based on spectrometer sensitivity considerations. A = 5.543 X lo-" y-'. Isotopic interference corrections; (36Ar/37Ar),, = (2.58 f 0.06) X (3gAr/37Ar)C, = (6.7 f
(4) Markedly old age, obviously indicating origin as a xenocrystic or detrital contaminant feldspar. Such grains, found only in sample NB-PBC-5, ranged in age from 1 10 to 1369 Ma. The filtered data set yields weighted mean single-crystal ages for the three samples, from stratigraphically oldest to youngest, of 93.50 & 0.52Ma (2cr standard error of the mean, incorporating error in J) for NB-PBC-5, 93.33 & 0.50 Ma for FC-PBC-11 and 93.46 rt 0.6 Ma for FC-PBC-17. T h e uncertainty of the mean age of this last sample is greater than the others as a consequence of the smaller grain size (about one-tenth the volume of NB-PBC-5 and FC-PBC-11 grains) leading to greater imprecision of measurement of the argon ion beams, and also because fewer crystals were available for dating.
The culled single-grain analyses yield nearly symmetrical gaussian-like age-probability distributions (Table 2; Figure 7 ). These age-probability graphs provide an important tool for assessing whether subtle contamination remains in 
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Age -Ma Figure 7 . Single-crystal l a s e r -f~s i o n~~~r /~~A r dating results represented as age-probability distributions for samples A, PBC-5, B, PBC-11, and C, PBC-17. Distributions are calculated by the methods described in Hurford et al. (1984) and ICowallis et al. (1986) . Diamonds show the individual grain ages used in producing the plots. Numbers above the curves are the peak values or age modes. the data set. For all three samples the absence of multimodality or strongly skewed distributions suggests that all grains are of primary origin within the resolution of the technique. Medians and modes of the populations, two indicators of central tendency that are relatively unaffected by outliers or skewed populations, are in agreement with the weighted mean ages. The medians are virtually identical in age (93.53, 93.32, 93.51 Ma, respectively) , while the modes (Figure 7 ) fall within about 0.1% of the mean ages (93.47, 93.22, and 93.52 Ma).
40Ar/39Ar age spectrum dating of sanidine. High-precision 40Ar/39Ar age-spectrum dating of two sanidine samples (FC-PBC-11 and FC-PBC-17) was performed using a low-blank, double-vacuum resistance furnace similar in design to that described by Staudacher et al. (1978) for step-heating. Before analysis the samples were irradiated for 20 hours in the central thimble facility of the US Geological Survey TRIGA reactor (Dalrymple et al., 1981) . After irradiation the samples were returned to the US Geological Survey Isotope Geology laboratory in Reston and analyzed for their argon isotopic composition using a V.G. MMl200b rare-gas mass spectrometer operated in the static mode. Details of the analytical procedure can be found in Wintsch et al. (1991) . The only variation from this procedure was in the measurement of 36Ar. In this study we collected data for four, five-second intervals for 36Ar peak and background measurements in each of the five measurement cycles and averaged these values accordingly. This allowed for the use of standard linear regression statistical techniques in calculating 36Ar values and greater precision in these measurements. Data reduction was accomplished using an updated version of the computer program ArAr* (Haugerud & ICunlz, 1988) using the decay constants recommended by Steiger & Jager (1 977). The primary monitor used for the irradiation was FCT-3 sanidine from the Fish Canyon Tuff. J values were interpolated from replicate measurements of individual monitors. The US Geological Survey laboratory in Reston routinely uses an age of 27.79 Ma for FCT-3 (Kunlz et al., 1985; Cebula et al., 1986 ) compared against MMhb-1 hornblende at an age of 5 19.4 f 2.4 Ma (Alexander et al., 1978 and Dalrymple et al., 1981) , because of the questions concerning the precision of the more recently published age of 520.4 f 1.7 Ma (Samson & Alexander, 1987) , given the 2% spread in their data. However, for ease of comparison with the laser-fusion data, we have reduced the age spectrum data using an age of 27.84 Ma for FCT-3 sanidine against MMhb-1 at 520.4 * 1.7 Ma. We have included (parenthetically) plateau and total-gas ages that have been calculated using an age of 27.79 Ma for FCT-3 sanidine for comparison with other data from the Reston argon lab.
In addition to determining a high-precision age for samples FC-PBC-11 and FC-PBC-17, a primary objective of 40Ar/39Ar age-spectrum dating was to determine if their argon systems had been disturbed in any way. 40Ar/39Ar laser-fusion dating of these samples detected no sanidine or other I<-feldspar contaminant, although this procedure would not necessarily detect contaminants present in quantities of a few percent or less. T h e mineral separates used for our analyses were greater than 99.9% sanidine, with the chief contaminate being inclusions contained within individual sanidine grains. With this exception the 40Ar/39Ar age spectra of these samples should represent data from a single component sanidine system. If the age spectrum of each sample is undisturbed than all of the temperature steps should agree in age within the limits of Figure 8 . 40Ar/39Ar age spectra and IZ/Ca plots for analytical precision. In this case the samples should have plateau ages which include 100% of the argon released.
In both samples ( Figure 8 , Table 3 ) , a slight disturbance in the age spectrum Table 3 . 40Ar/39Ar age spectrum data. *This ratio has been corrected for mass discrimination, atmospheric argon, and the production of interfering isotopes during irradiation using the values reported by Dalrymple et al. (1981) for (3%/"Ar)c,, ( 3 9~~/ 3 7~r ) , , , and (40Ar/39Ar)K.
t Apparent K/Ca ratios were calculated using the equation given in Fleck et al. (1977) .
$ 39Ar concentrations were calculated using the measured sensitivity of the mass spectrometer and have a precision of about 5%.
8 Comparisons between steps for the determination of the existence of an age plateau were done using the larger oE the calculated uncertainty from the analyses or, the reproducibility limit of the mass spectrometer as determined by replicate measurements of FCT-3. During the period of time in which these samples were analyzed the reproducibility limit was 0.15%.
can be observed in both the lowest and highest temperature release steps, with those ages being somewhat older than the bulk of the gas. The disturbances in both of the age spectra are minor and the cause of these disturbances cannot be discerned with any degree of certainty. While the overall pattern of the age spectra could be interpreted to represent the presence of extraneous argon, variations in the apparent IC/Ca and IZ/C1 ratios of both samples suggest that slight impurities contained as inclusions within individual grains may account for these variations in age. Isotope correlation analysis of the samples does little to resolve this question, because of the high radiogenic yield of all steps in the age spectra, except those with IC/Ca and I</CI ratios that may represent included impurities within the samples. An inverse isotope correlation diagram of the data for FC-PBC-17 ( Figure 9 ) readily demonstrates this problem. With the exception of point A, which has somewhat lower IC/Ca ratios than the rest of steps, all of the data points cluster tightly together near the 39Ar/40Ar axis. A line regressed through all of the steps in the analysis suggests an initial 40Ar/36Ar ratio of 381 f 33 and an age of 92.85 * 0.29 Ma. This initial 40Ar/36Ar ratio could be interpreted to represent the presence of a slight amount of excess argon in the sample, in which case the age calculated from this diagram of 92.88 rt 0.30 Ma would represent the apparent age of the sample. However, both the age and initial 4 0~r / 3 6 A r ratio are controlled primarily by point A with its lower IC/Ca ratio. If point A is dropped from the correlation, the initial 4 0~r / 3 6~r ratio increases to 2013 f 7158, and the age decreases to 90.51 * 10.70 Ma.
These numbers are lacking in resolution and are not different from the modern day 4 0~r / 3 6~r value of 295.5 and the plateau age for this sample, respectively.
A comparison of the plateau and correlation ages shows that neither one is resolvable from the other. We prefer, however, the plateau age of the samples because of the demonstrated within sample reproducibility for the apparent ages of steps within that portion of the age spectra, and because they exclude steps in which the ages may be older due to the presence of included impurities within individual sanidine grains.
Comparison of bulk 40Ar/39Ar age spectrum and single-crystal laser-fusion results. It is not clear whether the total-gas spectrum ages or the plateau ages of the incremental-release furnace experiments are most directly comparable to the laser-fusion results. If the source of the discordance observed in the step-heating spectra of both samples is a feature present in each grain, or even more or less homogeneously distributed in small populations of grains, then the laser-fusion results would be most comparable with the total-gas ages. If, on the other hand, the source of the older ages in the final portions of the step heating spectra are due to relatively rare inclusions or xenocrystic (refractory) feldspar, then the hand-picked small-population sampling of the laser-fusion experiment may have avoided such aberrant ages and so these data are best compared with the plateau ages.
The appropriate statistical test to employ for comparing the ages between the different dating methods is one based on heterogeneity of variances, since the variances are derived from quite different kinds of experiments without expectation that they should be directly comparable. We have employed a t' test assuming heterogeneity of variances using Satterthwaite's (1946) solution to obtain an evaluation of the number of degrees of freedom. At a = 0.05, this test reveals no significant difference in the plateau or total-gas ages compared to the mean of the laser-fusion ages for PBC-11, and between the total-gas and laser-fusion mean for sample PBC-17. However, there is a statistically detectable difference between the plateau and the laser-fusion mean age for PBC-17.
This age difference may be due to systematic inter-laboratory bias, as suggested by the fact that the GCIIHO results for all samples are consistently older than those obtained at the USGS/Reston by about 0.5 Ma. Alternatively, the implication of this comparison may be that the source of discordance is homogeneously distributed, thus adversely influencing the laser-fusion results.
U-Pb zircon dating
T h e zircon population in these two samples generally consisted of colorless prisms (3 : 1 length: width ratios) or fragments that contained abundant fluid and mineral inclusions. Most zircon crystals selected for analysis contained a few or no visible inclusions. All five zircon fractions listed in Table 4 were given an air abrasion treatment following the procedure outlined by Krogh (1982) to eliminate the outer portions of the grains that typically experience Pb loss. Isolation of Pb and U from zircon using anion exchange chromatography generally followed the procedure of Krogh (1973) . The concentrations of Pb and U were determined by isotope dilution using a mixed 235U-205Pb tracer solution. Both Pb and U were loaded together onto outgassed, single Re filaments in a silica gel-phosphoric acid mixture (Cameron et al., 1969) and the isotopic compositions were determined on a VG354 solid source mass spectrometer in single collector mode. All isotopic data were measured using a Faraday or Daly photomultiplier detector and have been corrected for mass discrimination (l%o/amu). In addition, a DalyIFaraday conversion factor of 4%damu has been applied to all Daly data. The errors reported in Table 4 are quoted at one sigma and were calculated by propagating all known sources of error. The age uncertainties are reported as two sigma errors. T h e 238U and 235U decay Tht Common fraction number (yg) (ppm) (ppm) (pprn) Pb(pg) 2 0 h~b / 2 "~b 2 0 6~b / 2 3 8~ 2 0 7~b / 2 3 5~ 2 0 7~b / 2 n 6~b 2 0 6~b / = 8~ 2 0 7~b / 2 3 5~ * Z = zircon (number of grains). t Th concentration estimated from the abundance of '08pb and U-Pb age.
*Atomic ratios corrected for blank (2pg Pb; lpg U), fractionation (+O.l%/amu) and initial common Pb (Stacey & Kramers, 1975) .
constants of 1.55125 X 10-lo year-' and 9.8485 X 10-'~year-', respectively and the isotopic composition of uranium (238U/23'U= 137.88) are the values recommended by Jaffey et al. (1971) . The U-Pb results for three multi-grain fractions from sample FC-PBC-11 and two multi-grain fractions from sample FC-PBC-17 are presented in Table 4 . The uranium content of all zircon fractions is moderately high (364-586 ppm) and the high 2 0 6~b / 2 0 4 P b ratios (>4000) indicate that the correction for initial common Pb is negligible. Two fractions (#1 and 2; Table 4 ) from FC-PBC-11 have identical apparent 2 0 6~b / 2 3 8~ and 207PB/235U ages with an average of 93.5 * 0.4 Ma(2v), and this age is interpreted as the best estimate for the zircon crystallization age. T h e other fraction (#3) analyzed from this sample has a slightly older age and U-Pb apparent ages that are not in agreement (i.e. 95.6 and 97.6 Ma). These older ages are interpreted as indicating the presence of an inherited-Pb component that could be present as invisible zircon cores or as older discrete zircon crystals that were accidentally incorporated into the fraction because of their morphological similarity to the younger grains. A similar pattern in the U-Pb zircon results is observed for sample FC-PBC-17. Fraction # 5 (Table 4) has similar 206Pb/238U and 207Pb/235U ages of 94.0 and 94.2 Ma respectively, and the average age of 94.1 M a could be interpreted as the crystallization age of the zircon in this sample. Alternatively, this fraction may have a trace of inherited-Pb, as is more clearly the case with fraction #4, in which case the zircon crystallization age could be slightly younger than 94.0 Ma; this is consistent with the stratigraphic position of these two samples (see Figure  4) . Although visible zircon cores were not detected, there is an indication that the amount of inherited-Pb component correlates with the abundance of inclusions as fractions #3 and #4 contained some grains with inclusions.
Fission track data
Apatites and zircons extracted from ashes PBC-11 and PBC-5 at several localities were dated using the external detector method. Ages were calculated using a zeta value of 11 800 * 700, determined from several irradiations of SRM-963 glass along with zircons and apatites from the Mt. Dromedary intrusion in eastern Australia. The errors for the ages were determined using the method described by Green (1981) . The age data are shown in Table 5 . Apatite 
